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Introduction
polymerized actin organizes the leading edge of neutrophils, whereas the 'backness' signals, including Rho, p160-ROCK and myosin II, lead to contraction of actin-myosin complexes at the trailing edge, causing cells to de-adhere (Srinivasan et al., 2003; Wang et al., 2002; Xu et al., 2003) .
Despite these advances, little is known about the regulation of cell-ECM adhesion during chemotaxis. Frontness and backness responses per se do not entirely account for the persistent polarity and motility of neutrophils when they are exposed to chemoattractants. Indeed, chemoattractant stimulation of neutrophils in suspension (i.e. without cell adhesion to the substrate) only causes transient membrane extension, in sharp contrast to cells stimulated on substrates, which polarize and migrate persistently (Srinivasan et al., 2003; Wang et al., 2002; Xu et al., 2003) . In circulating neutrophils 2 integrins (CD18) are highly expressed and mediate the interactions of neutrophils with endothelial cells. The importance of 2-integrin-mediated adhesion in neutrophil chemotaxis is highlighted by patients with leukocyte adhesion deficiency (LAD), who have decreased numbers of neutrophils at the sites of infection and inflammation (Bunting et al., 2002) . These findings imply a crucial role of cell-substrate adhesion in the regulation of neutrophil polarity and motility.
To dissect the molecular program that governs adhesion of the neutrophil leading edge during chemotaxis, we assessed the role of proteins known to be involved in signaling from chemoattractant receptors and integrins. One such protein is the non-receptor tyrosine kinase Lyn, which belongs to the Src kinase family. Emerging evidence suggests that Lyn has a role in modulating integrin signaling and cell migration in hematopoietic cells (Baruzzi et al., 2008; Maxwell et al., 2004; O'Laughlin-Bunner et al., 2001 ). For instance, neutrophil adhesion to fibrinogen leads to activation and redistribution of Lyn to the cytoskeletal fractions (Yan et al., 1996) . Furthermore, Lyn can also be activated by several chemoattractants in human neutrophils and is required for the formation of phosphatidylinositol-3,4,5-trisphosphate (Gaudry et al., 1995; Ptasznik et al., 1996) . Interestingly, deletion of Lyn in mouse neutrophils leads to enhanced integrin-mediated cell responses (Pereira and Lowell, 2003) , suggesting that Lyn has a negative role in integrin signaling events. Despite these findings, how Lyn is involved in the regulation of chemoattractant-stimulated neutrophil migration has not been well defined. Here, we describe a Lyn-dependent mechanism for promoting localized integrin activation and establishing adhesion sites at the leading edge to allow neutrophils to move forward in the chemoattractant gradient.
Results

Lyn expression, activation and localization
To understand how Lyn controls chemotaxis, we determined its expression, activity and subcellular localization in neutrophils. Lyn was highly expressed in primary human neutrophils and the neutrophil-like differentiated HL-60 cells (dHL-60), but not in undifferentiated HL-60 cells or non-hematopoietic HEK293 cells (supplementary material Fig. S1A ). The upper and lower bands represent the Lyn A and Lyn B isoform, respectively, as previously reported (Yi et al., 1991) . Differentiated HL-60 cells have been used widely for studying neutrophil polarity and chemotaxis (Bodin and Welch, 2005; Gomez-Mouton et al., 2004; Hauert et al., 2002; Nuzzi et al., 2007; Schymeinsky et al., 2006) : when differentiated, they exhibit neutrophil morphology, polarize in response to attractants, and migrate in gradients of attractant at rates comparable to primary neutrophils (Servant et al., 2000; Wang et al., 2002; Xu et al., 2003) . Unlike primary neutrophils, they can be continuously cultured and are genetically tractable (Neel et al., 2009; Servant et al., 2000; Srinivasan et al., 2003; Weiner et al., 2006; Xu et al., 2003) . In this study, we used fibrinogen as the ECM substrate to recapitulate the physiological microenvironment for neutrophil migration. Fibrinogen is a known ligand for 2 integrin in neutrophils (Altieri et al., 1990) .
We analyzed the activity of Lyn by immunoprecipitating endogenous Lyn from dHL-60 cell lysates, followed by assessment of the level of activated Lyn using an antibody specific for phosphorylated Src proteins. Phosphorylation of tyrosine residues (at Tyr397 for Lyn) in the activation loop of the kinase domain upregulates enzyme activity of Src kinase family (Hunter, 1987) . Exposure of suspended cells (i.e. in the absence of ECM attachment) to the bacteria-derived chemoattractant formyl-MetLeu-Phe (fMLP) induced rapid and robust activation of Lyn, reaching a maximum at 30 seconds (6.1±2.4-fold above resting condition; mean ± s.e.m.), as detected by the phospho-specific antibody (Fig. 1A) . Treatment of cells with pertussis toxin (PTX) completely abolished Lyn activation (Fig. 1B) . Covalent modification of the -subunit of G i by PTX inactivates G i and abrogates all frontness signals (Xu et al., 2003) . By contrast, inhibition of PI3K with a specific inhibitor, LY294002, prevented fMLP-induced Akt phosphorylation as expected, but failed to affect Lyn activation (Fig. 1B and data not shown) . Thus, fMLPstimulated Lyn activation depends upon G i but not PI3K.
Interestingly, when exposed to fMLP, cells plated on the fibrinogen substrate exhibited a relatively small increase in phosphorylated Lyn (10-20%), which was sustained for over 10 minutes (data not shown). The distinct patterns of Lyn activation between suspended and adherent cells suggested differential regulation of Lyn activity under these conditions.
Immunofluorescence of Lyn in non-stimulated adherent dHL-60 cells was distributed cortically around the plasma membranes, with some cytoplasmic localization, but was preferentially distributed to the leading edge of 73% of cells (out of 415 examined) treated with fMLP, where it colocalized with F-actin (Fig. 1C) . The immunofluorescence was specific for Lyn, as verified by competition experiments with a blocking peptide (supplementary material Fig. S1B ). The asymmetry of Lyn in fMLP-treated cells was not caused by increased amounts of membrane at the front, as shown by dual imaging of Lyn and a fluorescent membrane dye (DiD) in the same cells (supplementary material Fig. S1C ). Although membranes were uniformly located and in some cases slightly enriched at the leading edge, there was a significant increase in Lyn, as shown by the merged images (supplementary material Fig. S1C ). fMLP-induced leading edge recruitment of Lyn was 2154 Journal of Cell Science 124 (13) also seen in primary neutrophils (Fig. 1C, bottom panel) . In addition, fMLP also stimulated asymmetrical accumulation of phosphorylated Src (activated Src) proteins, in patterns that were highly reminiscent of total Lyn (Fig. 1D) . Immunofluorescence of phosphorylated Src was mostly attributed to phosphorylated Lyn protein, because RNAi-mediated depletion of Lyn (see below) nearly completely abolished the phosphorylated Src immunofluorescence (supplementary material Fig. S1D ). Thus, Lyn is activated and translocates to the leading edge in response to fMLP.
Depletion of Lyn impairs neutrophil chemotaxis
We next assessed the effect of Lyn depletion on dHL-60 chemotaxis (Figs 2, 3) . We transiently knocked down the expression of genes of interest in dHL-60 cells by using the Amaxa Nucleofection System, allowing us to quickly test genes involved in the regulation of neutrophil chemotaxis. Transfection of cells with a pool of siRNAs targeting human Lyn reduced Lyn protein by ~80% after 48 hours ( Fig. 2A,B) . In addition, we used a lentivirus-based system to stably express small hairpin RNAs (shRNAs) that efficiently depleted Lyn in dHL-60 cells, enabling us to conduct 2155 Lyn controls neutrophil migration (F)The length of the trailing edge, defined as total length of the cell with the length of the leading edge (3m) (Shin et al., 2010) subtracted. 25 control cells and 32 Lyn-depleted cells were analyzed (*P<0.001). (G)Quantification of 'elongation index' of control (n30) and Lyn-depleted cells (n35) (*P<0.001). Scale bars: 10m.
large-scale biochemical analyses (supplementary material Fig.  S1E ). When exposed to an external fMLP gradient, delivered by a micropipette, cells transfected with non-specific siRNAs formed well-defined leading and trailing edges and migrated rapidly and persistently towards the tip of the micropipette ( Fig. 2C ; supplementary material Movie 1). By contrast, although Lyndepleted cells were capable of responding to the fMLP gradient and establishing a leading edge in the direction of the pipette, they protruded significantly slower than control cells. Kymograph analysis showed that the protrusion speeds for control and Lyndepleted cells were 6.32±0.44 m/minute and 3.64±0.31 m/minute (mean ± s.e.m.), respectively (Fig. 2D,E) . Concomitant to decreased protrusion, the speed for trailing edge retraction was also reduced in Lyn-depleted cells (5.03±0.25 m/minute for control vs 1.61±0.23 m/minute for Lyn depletion). In addition, the cell bodies of Lyn-depleted cells were unable to detach effectively from the substrate and remained largely stationary, resulting in a stretched spindle-shaped morphology ( Fig. 2C ; supplementary material Movie 2) and long trailing edges (32.2±1.3 m vs 19.8±1.6 m for controls) (Fig. 2F ). In keeping with this result, the elongation index (the ratio of the length of a polarized cell when fully extended to the width of its pseudopod) of Lyn-depleted cells was greater than that of control cells (2.63±0.23 vs 1.61±0.11, respectively) ( Fig. 2G) . At late stages of stimulation (>6 minutes), some of the Lyn-depleted cells (~26%) retracted their leading edges ( Fig. 2C ; cells b and d).
Interestingly, treatment of dHL-60 cells with PP2, a highly specific inhibitor of Src kinase family, failed to mimic the phenotypes of Lyn depletion. In the micropipette assay, PP2 treatment caused cells to slightly increase the protrusion and migration speeds (data not shown). A similar result was reported: treatment of mouse and human neutrophils with PP2 did not alter 2156 Journal of Cell Science 124 (13) neutrophil migration in experiments with the Transwell assay (Fumagalli et al., 2007) . The differential effects between Lyn depletion and PP2 treatment might be due to potential complex interplay between members of the Src kinase family. Expression of a number of Src family kinases was documented in neutrophils (Korade-Mirnics and Corey, 2000; Lowell, 2004) .
The chemotactic behavior of Lyn-depleted cells was also examined with a microfluidic gradient device, which assesses migration of cell populations in highly stable gradients over a long distance (Fig. 3) . Time-lapse videomicroscopy could track individual cells as they migrated in the microfluidic chamber (Fig.  3A) . In this assay, Lyn depletion markedly impaired neutrophil chemotaxis in an fMLP gradient (1.4 nM/m) (supplementary material Fig. S1F ). In contrast to untreated cells (Fig. 3A ,B, top panel; Fig. 3D ; supplementary material Movie 3), Lyn-depleted cells protruded more slowly and exhibited an elongated morphology (Fig. 3A ,B, bottom panel; Fig. 3D ; supplementary material Movie 4). These defects were similar to those seen in the micropipette assay. Notably, the chemotactic index [the ratio of migration in the correct direction to the actual length of the migration path (Xu et al., 2005) ] was similar between control and Lyn-depleted cells (0.93 and 0.91, respectively), suggesting that Lyn depletion did not impair directionality of the cells (Fig. 3C ).
The chemotactic defects in Lyn-depleted cells were probably caused by the lack of Lyn kinase activity, Expression of a GFPtagged dominant-negative kinase-dead Lyn mutant (LynK275D) in dHL-60 cells led to defects similar to those seen with Lyn depletion (supplementary material Fig. S1G ). Furthermore, transfection of wild-type Lyn, but not the kinase-dead mutant, largely rescued the defects of Lyn depletion (Fig. 3E ,F,G). Together, these results suggest that Lyn kinase activity might be responsible for Lynmediated functions in neutrophils during chemotaxis.
Lyn is not required for the 'frontness' signals
We next assessed the mechanism by which Lyn controls neutrophil chemotaxis. The asymmetrical localization of Lyn and the effect of Lyn depletion on cell protrusion led us to investigate a potential role in establishment of the leading edge. It was reported previously that actin polymers, phospatidylinositol-3,4,5-trisphosphate (PIP3) and Rac-GTP are key components of the 'frontness' pathway that controls leading edge establishment during neutrophil chemotaxis (Srinivasan et al., 2003; Xu et al., 2003) . We therefore assessed whether Lyn depletion reduced these signals. We took advantage of a unique feature of neutrophils: their ability to polarize when stimulated with chemoattractants, even in suspension. When exposed to fMLP, neutrophils in suspension quickly (within 1-2 minutes) establish a morphological leading edge (Zhelev et al., 2004) . The leading edge does not persist, and retracts after stimulation (Fechheimer and Zigmond, 1983; Sklar et al., 1985; Wang et al., 2002; Ydrenius et al., 1997) . Attractant stimulation of suspended neutrophils also suffices to accumulate polymerized actin, PIP3 and Rac-GTP, albeit transiently, consistent with the morphological response (Srinivasan et al., 2003; Wang et al., 2002; Xu et al., 2003) . This feature of neutrophils enables us to assess the frontness response without input introduced by the outside-in signals from cell-ECM adhesion. Under these conditions Lyn depletion failed to prevent the accumulation of polymerized actin, Rac-GTP and phosphorylated Akt (activated Akt, readout for PIP3) in neutrophils exposed to fMLP stimulation (supplementary material Fig. S2A-C) , suggesting that signaling pathways leading to PI3K, Rac and F-actin activation or formation are not altered by Lyn depletion.
Lyn is required for localized activation of 2 integrin and leading edge adhesion
During migration, protrusion and adhesion of the leading edge are coupled (Ridley et al., 2003) . Therefore, the defects of Lyn depletion on neutrophil chemotaxis could be due to inability of these cells to attach their protrusive pseudopods, resulting in slower protrusion. This notion is supported by the observation that at late stages of fMLP stimulation, some Lyn-depleted neutrophils detached and retracted their leading edges, implying that the cells failed to stably adhere to the ECM substrate at the front. Thus, Lyn might regulate leading edge adhesion, leading us to assess whether Lyn controls 2 integrin in neutrophils. In control cells, 2 integrin immunofluorescence was mostly distributed at the leading edge after fMLP stimulation, with some diffused localization in the cell body. The asymmetrical distribution of 2 integrin was confirmed quantitatively by using the ratio of immunofluorescence intensity of 2 integrin between the leading edge and the cell body (2.54±0.31; mean ± s.e.m.) (Fig. 4A,C) . The use of the ratio of mean fluorescence intensity discounts variations in the levels of fluorescence among cells and is thus more appropriate for assessing relative accumulation of the fluorescent signals. Lyn depletion did not change the asymmetry of 2 integrin localization (2.64±0.19) (Fig. 4A,C) . By contrast, although activated 2 integrin, assessed by using antibody m24, exhibited a similar leading edge enrichment in control cells (Ratio: 2.52±0.27), Lyn depletion markedly impaired this enrichment (1.35±0.03) (Fig. 4B,C) .
To investigate whether attenuated 2 integrin activity might be responsible for the defects of Lyn depletion, we assessed the effect of a 2 integrin function-blocking antibody (IB4) on neutrophil migration. We plated dHL-60 cells on fibrinogen and then treated them with different doses of IB4 for a short period (10 minutes) before fMLP stimulation. This procedure selectively prevented fMLP-induced de novo adhesion without significantly altering global adhesion of cells to the fibrinogen substrates (see Materials and Methods). In the presence of non-specific IgG, dHL-60 cells migrated towards the source of fMLP and maintained a highly polarized morphology with well-developed pseudopods (Fig. 4D , top panel). By contrast, cells treated with the intermediate dose of IB4 (0.1 g/ml) migrated with slower protruding leading edges [3.12±0.24 m/minute vs 5.84±0.38 m/minute for IgG-treated cells (n33 cells for each condition)] and exhibited elongated morphologies (Fig. 4D, middle panel) . Furthermore, at a higher dose (0.5 g/ml), IB4 treatment caused some cells (~28%) to only transiently polarize in response to fMLP, with much smaller leading edges and a rounded-up morphology, which was probably due to stronger inhibition of leading edge adhesion (Fig. 4D, bottom  panel) . Thus, blocking cell adhesion with an intermediate dose of IB4 mirrored Lyn depletion (Fig. 2C) .
It was reported previously that deletion of Lyn causes mouse neutrophils to become hyper-adhesive when they are adherent to surfaces coated with ECM proteins (Pereira and Lowell, 2003) . Similarly, Lyn-depleted dHL-60 cells exhibited increased adhesion to fibrinogen in the absence of fMLP (supplementary material Fig. S3A ). However, in contrast to control cells, which markedly elevated adhesion after fMLP stimulation, Lyn-depleted cells only showed a moderate increase (supplementary material Fig.  S3A ). There was no difference in surface expression of 2 integrin between control and Lyn-depleted cells (supplementary material Fig. S3B ), which is consistent with results in mouse neutrophils (Pereira and Lowell, 2003) . To determine whether elevated adhesion was responsible for the chemotactic defects of Lyn-depleted cells, we treated cells with Mn 2+ , which triggers 2 integrin activation (Altieri, 1991) , causing neutrophils to tightly adhere to the fibrinogen substrate and fail to polarize morphologically in response to an fMLP gradient (supplementary material Fig. S3C ). Immunofluorescence studies showed that although the level of activated 2 integrin was high after Mn 2+ treatment, F-actin was largely diffusely distributed (supplementary material Fig. S3D) .
Notably, the defects of Lyn depletion are reminiscent of those induced by inhibiting the backness signals, which caused neutrophils to form highly stretched long tails (Xu et al., 2003) . However, we showed that Lyn was not involved in the regulation of the backness pathway or myosin-II-mediated contractions (supplementary material Fig. S3E-G) . Lyn depletion failed to alter RhoA activity or the level of activated myosin II (phosphorylated specifically at Ser19) (supplementary material Fig. S3E-G) . By contrast, treatment of cells with the p160-ROCK inhibitor Y-26732 markedly reduced the level of phosphorylated myosin II. Furthermore, in contrast to Lyn depletion, treatment with Y-27632, which prevented trailing edge retraction, did not alter the speed for leading edge protrusion (5.91±0.37 m/minute) (Fig. 2D ). This result is consistent with earlier findings (Shin et al., 2010) , again demonstrating differential effects between Lyn depletion and inhibition of the backness signals.
Rap1 is a major effector of Lyn in neutrophils during chemotaxis
The Ras-like small GTPase Rap1 has emerged as a major mediator of inside-out signaling to integrins (Bos, 2005; Caron et al., 2000; Shimonaka et al., 2003) . Rap1 controls chemokine-induced integrin activation and adhesion (Shimonaka et al., 2003) , leading us to assess whether Rap1 acted as a downstream target of Lyn in neutrophils during chemotaxis.
We assayed Rap1-GTP (the activated form of Rap1) by using a previously described pull-down method . Rap1-GTP levels increased transiently in suspended dHL-60 cells after exposure to fMLP, reaching a maximum at 30 seconds (>10-fold above unstimulated control; Fig. 5A ). fMLP stimulation also caused adherent cells to markedly increase the levels of Rap1-GTP, which sustained after stimulation (supplementary material Fig. S4A ,B and data not shown). A similar activation pattern was reported in primary neutrophils (M'Rabet et al., 1998) . Rap1 activation was also observed in live cells responding to a gradient of fMLP, which induced GFP-RalGDS translocation from the cytosol to plasma 2158 Journal of Cell Science 124 (13) membranes at the ruffling leading edge (Fig. 5C,D, top panel) . GFPRalGDS is a fluorescent probe for Rap1-GTP (Wang et al., 2006) . A quantitative analysis of the fluorescence intensity across the cells revealed a steep gradient of GFP signals in untreated control cells (78±21% decrease) (supplementary material Fig. S4C ). By contrast, GFP-tagged Rap1 was largely uniformly distributed in the cytoplasm in unstimulated cells and remained diffusely distributed after fMLP stimulation (Fig. 6D) , suggesting that the asymmetrical accumulation was specific for activated Rap1.
Lyn depletion markedly inhibited fMLP-induced activation of Rap1. We found that Lyn depletion reduced fMLP-induced Rap1 activation by 63±12% in suspended cells (at 30 seconds) (Fig.  5A ,B) and 41±9% in adherent cells (supplementary material Fig.  S4A,B) . Interestingly, in adherent cells without fMLP stimulation, Lyn depletion increased the level of activated Rap1, in keeping with increased cell adhesion and suggesting that Lyn might inhibit Rap1 activity under this condition (supplementary material Fig.  S4A,B) . In addition, Lyn-depleted cells exhibited poor leading edge recruitment of GFP-RalGDS, as reflected by much more diffuse localization and smaller GFP gradients across the cell (36±15% decrease) (Fig. 5C ,D, bottom panel; supplementary material Fig. S4C ). Moreover, when compared with control cells, the ratio of mean fluorescence intensity of GFP-RalGDS between the leading edge and the trailing edge was markedly reduced by Lyn depletion (1.40±0.25 for control vs 1.17±0.11 for Lyn depletion, respectively), again revealing that asymmetrical localization of activated Rap1 was impaired (Fig. 5E) . Thus, Lyn is required for chemoattractant-induced activation and asymmetrical accumulation of Rap1-GTP at the neutrophil leading edge.
In addition, Rap1 depletion induced chemotactic defects that were highly reminiscent of those caused by Lyn depletion. Two shRNA constructs effectively reduced the level of Rap1A (Fig.  6A) , the predominant isoform of Rap1 in neutrophils (Quilliam et al., 1991) . In accordance with previous reports (Duchniewicz et al., 2006; Li et al., 2007) , Rap1 depletion decreased the number of adherent dHL-60 cells plated on fibrinogen-coated substrate (supplementary material Fig. S4D ). When stimulated with a point source of fMLP, Rap1A-depleted cells protruded much more slowly than cells containing non-targeting shRNA (3.43±0.35 m/minute for Rap1A shRNA1 and 2.96±0.13 m/minute for Rap1A shRNA2, vs 5.85±0.20 m/minute for non-targeting shRNA). Furthermore, similarly to Lyn-depleted cells, Rap1A-depleted cells retracted significantly slower (0.83±0.12 m/minute vs 4.66±0.45 m/minute for control cells) and developed a spindle-shaped morphology ( Fig.  6B,C ; supplementary material Movie 5). The elongation index for Rap1A-depleted cells was 2.5±0.32 (n23), which is close to the value for Lyn-depleted cells.
Together, these results suggested that Rap1 acts as a major downstream effector of Lyn in neutrophils during chemotaxis. This inference was further confirmed by effects of overexpression of GFP-Rap1A in Lyn-depleted cells. Ectopic expression of Rap1 nearly completely rescued the defects caused by Lyn depletion (Fig. 6D) . In cells overexpressing GFP-Rap1, the average speed for leading edge protrusion was increased to 5.83±0.48 m/minute, and the elongation index was reduced to 1.74±0.21 m/minute (n15), even when Lyn was nearly entirely depleted. These values approached those of the control cells without Lyn depletion.
Lyn recruits the CrkL-C3G complex to the leading edge
Previous studies demonstrated that the Crk family adaptors function downstream of activated receptor tyrosine kinases, bind and regulate C3G, a guanine nucleotide exchange factor (GEF) for Rap1, and consequently control Rap1 activation (Arai et al., 1999; Sattler and Salgia, 1998) . We found that human primary neutrophils and dHL-60 cells express in high abundance Crk-like protein (CrkL), a member of the Crk family. Interestingly, Crk-I, which is expressed in many cell types, was nearly undetectable (supplementary material Fig. S4E ). We thus focused on CrkL and asked whether it was involved in the regulation of Rap1 by Lyn. The tyrosine residue Y207, located in the small region between two SH3 domains of CrkL, is crucial for the regulation of CrkL activity: phosphorylation of Y207 promotes intramolecular association of CrkL, leading to inhibition (de Jong et al., 1997; Rosen et al., 1995; Senechal et al., 1998) . Using a specific antibody, we found that level of phosphorylation at Y207 (Y207-P) remained largely unaltered in control cells after fMLP stimulation (Fig. 7A ). By contrast, the level of Y207-P was significantly higher in Lyn-depleted cells with and without fMLP stimulation (1.5-2.3-fold above control cells; Fig. 7A ). Thus, Lyn modulates the removal of the phosphate group from Y207, thereby relieving CrkL inhibition in neutrophils.
Lyn is also involved in the regulation of the subcellular localization of CrkL. Immunofluorescence of CrkL was distributed diffusely in the cytosol and in the cortical areas of the control neutrophils in the absence of fMLP and translocated and accumulated at the leading edge, where it colocalized with F-actin ( Fig. 7B and data not shown). C3G exhibited a very similar pattern (Fig. 7C) . By contrast, depletion of Lyn impaired leading edge recruitment of CrkL and C3G (Fig. 7B,C) . Both proteins were located more diffusively throughout the cell bodies, even though the cells were morphologically polarized. The ratios of mean fluorescence intensity between the leading edge and the trailing edge were reduced from 3.41±0.15 to 1.6±0.34 for CrkL and from 2.64±0.13 to 1.14±0.09 for C3G, respectively.
Consistently with earlier reports, we found that CrkL coimmunoprecipitated with C3G in neutrophils (supplementary material Fig. S4F ). This interaction was detected in resting dHL-60 cells and was unaltered after fMLP stimulation. Furthermore, the interaction between CrkL and C3G was also detected in Lyndepleted cells. Thus, Lyn appears unnecessary for the formation or the stability of the CrkL-C3G protein complex, but is instead essential for its spatial organization.
CrkL is required for Rap1 activation and neutrophil chemotaxis
We next asked whether CrkL acted upstream of Rap1 in neutrophils during chemotaxis. We found that CrkL depletion in dHL-60 cells caused Rap1 activity in fMLP-stimulated cells to reduce by 41% (Fig. 7D) . CrkL depletion also caused severe chemotactic defects (Fig. 7E,F) . First, CrkL-depleted cells protruded significantly slower (3.01±0.18 m/minute for CrkL shRNA1 and 2.57±0.29 m/minute for CrkL shRNA2, vs 6.03±0.36 m/minute for cells containing non-targeting shRNAs). Furthermore, 68% (17 of 25 cells examined) developed a stretched elongated morphology when responding a point source of fMLP, which was highly reminiscent of the defects of Lyn-and Rap1-depleted cells. In addition, 20% of CrkL-depleted cells failed to develop a stable leading edge, similarly to cells challenged with high concentrations of IB4 (Fig.  4D, bottom panel) . Together, these results indicate that Rap1 is a major effector of CrkL in neutrophils during chemotaxis.
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Discussion
Cell migration is a tightly regulated process that requires adhesion of the extended leading edge to the ECM substrate to ensure uninterrupted migration. Although the understanding of cell adhesion in slow-migrating mesenchymal cells has been significantly improved in the past two decades, this key step remains poorly defined in highly polarized and rapidly moving amoeboid cells, including neutrophils. Recent studies with human neutrophils led to the discovery of signaling pathways that are essential for the establishment of the neutrophil protrusive leading edge. However, there are significant gaps in our understanding of the mechanisms that govern integrin-mediated leading edge adhesion during chemotaxis. In this study, we identified a signaling mechanism that controls localized integrin activation and leading edge adhesion during neutrophil chemotaxis. A model is proposed based on these findings, whereby a central regulatory role is assigned to the non-receptor tyrosine kinase Lyn (Fig. 8) . In this scenario, G i -dependent Lyn activation and translocation to the leading edge is necessary for the relief of inhibition and spatial organization of the CrkL-C3G complex at the leading edge, which leads to localized activation of the small GTPase Rap1 and its downstream target, 2 integrin. Together, these results provide novel mechanistic insights into a crucial but poorly studied facet of neutrophil chemotaxis -adhesion of the protrusive leading edge.
We demonstrated a crucial role for Lyn in regulating leading edge adhesion in chemotaxing neutrophils. First, in response to chemoattractants, Lyn is activated and recruited to leading edge of polarized neutrophils. Depletion of Lyn impairs leading edge protrusion but fails to prevent chemoattractant-induced activation of Rac, polymerized actin or PI3Ks, suggesting that Lyn regulates leading edge adhesion, not initial establishment of the leading edge. Second, although some Lyn-depleted cells exhibited a morphological defect that was similar to that of cells with an impaired backness pathway, Lyn depletion did not impair the activity of this pathway. Indeed, a fraction of Lyndepleted cells retracted their leading edges when exposed to fMLP, a defect rarely seen in cells with the backness pathway inhibited. Moreover, treatment of cells with Y-27632, unlike Lyn depletion, failed to impair leading edge protrusion. At the mechanistic level, Lyn depletion impaired localized activation of 2 integrin, which appears to be responsible for the chemotactic defects induced by Lyn depletion, because inhibition of de novo leading edge adhesion with intermediate concentration of IB4 mimicked the phenotype of Lyn depletion. In addition, we identified Rap1, a well-recognized regulator of 2 integrin activity, as a major downstream effector of Lyn in neutrophils during chemotaxis.
How might partial inhibition of leading edge adhesion (e.g. with Lyn or Rap1 depletion, or the treatment with intermediate dose of IB4) lead to an elongated cellular morphology in neutrophils? We speculate that this defect might result from the inability of the cells to establish firm adhesion sites at the front, a prerequisite for translocation of the cell body and de-attachment of the trailing edge. Indeed, in each condition wherein leading edge adhesion is impaired, there is a concomitant reduction in retraction speeds, suggesting linkage between front adhesion and tail retraction. Furthermore, inhibition of the backness pathway per se (e.g. with Y-27632) did not affect protrusion, again implying that compromised retraction in Lyn-and Rap1A-depleted cells, as well as in cells treated with intermediated dose of IB4, might originate from defects in leading edge adhesion. More complete understanding of the detailed mechanisms underlying the morphological defects awaits future experiments.
In comparison to earlier studies, our findings provide a more detailed and comprehensive delineation of the function of Lyn in neutrophils during chemotaxis. In keeping with earlier studies in Lyn-deficient mouse neutrophils (Pereira and Lowell, 2003) , our data show that without fMLP stimulation, Lyn-depleted cells exhibit enhanced adhesion to the fibrinogen substrate and exhibit higher Rap1 activity, suggesting that Lyn might inhibit Rap1 activity under this condition. By contrast, in the presence of fMLP, Lyn depletion markedly reduced Rap1 activity and consequently impairs local activation of 2 integrin in dHL-60 cells. Furthermore, addition of Mn 2+ , which induces 2 integrin activation, caused neutrophils to tightly adhere to the fibrinogen substrate and fail to polarize in response to a chemoattractant gradient -a phenotype that is distinct from that of Lyn-depleted cells. Together, these results suggest differential regulation and wiring of the chemotactic signaling network in cells with and without attractant stimulation. In agreement with this notion, Gakidis and co-workers (Gakidis et al., 2004) showed that Vav1, Vav2 and Vav3 (GEFs for Rac and Cdc42), are required for the integrin-dependent functions of mouse neutrophils, including sustained adhesion, spreading and complement-mediated phagocytosis, but are dispensable for fMLP-induced signaling events and chemotaxis, even when cells are assessed on the same ECM substrate (Gakidis et al., 2004) . Together, these results highlight the complexity of chemotactic signaling networks that control neutrophil chemotaxis and underscore the importance of studying cell-ECM interactions as an integral part of the global chemotactic response. Notably, we did not observe an increase in total 2 integrin activity in Lyn-depleted dHL-60 cells after fMLP stimulation in suspension (Y.H. and F.W., unpublished observations), in contrast to a previous study in Lyn-inhibited hematopoietic cells stimulated with SDF-1 (Nakata et al., 2006) . The differential effects of Lyn depletion or inhibition might be attributed to differences in cell type and chemoattractant. Alternatively, it might be that the experiments for the detection of active 2 integrin were conducted in suspended cells with prolonged incubation with the m24 2 integrin antibody and fMLP, which did not recapitulate the chemotaxis conditions and might also contribute to the variation.
Our results suggest that the CrkL-C3G protein complex acts as a key signaling intermediate that controls Lyn-dependent spatial activation of Rap1 in neutrophils. In this scenario, CrkL associates constitutively with the Rap1 GEF C3G, as in hematopoietic cells and other cell types. Upon exposure to chemoattractant, the CrkL-C3G complex is recruited to the leading edge of polarized neutrophils, providing spatially instructive cues for localized Rap1 activation (Fig. 8) . Lyn mediates the leading edge recruitment of CrkL-C3G, but probably not by direct physical interactions: we did not detect Lyn protein in CrkL or C3G immunoprecipitates (Y.H. and F.W., unpublished observations). Instead, we speculate that other Lyn-interacting proteins, such as hematopoietic cell-specific Lyn substrate 1 (HS1) (Uruno et al., 2003) or the Shc adaptor protein (Ptasznik et al., 1995) might have a special role in mediating the recruitment. In addition, we have shown that Lyn modulates CrkL function by the removal of Y207 phosphorylation, thereby relieving the intramolecular inhibition of CrkL. It is of note that the kinetics of Y207 phosphorylation differs from Lyn activation: in response to fMLP, the level of Y207-P remains largely unaltered, whereas Lyn activity is markedly elevated. Therefore, it is not clear whether Lyn expression, or its activity, modulates CrkL Y207 dephosphorylation. We postulate that the tyrosine phosphatase SH-2 domain phosphatase (SHP), reportedly a downstream target of Lyn (Pereira and Lowell, 2003) (Fig. 8) , might be responsible for the removal of Y207 phosphorylation. However, although SHP-1 was recruited to the leading edge of neutrophils, the attempt to produce SHP-1-depleted dHL-60 cells failed in our experiments (Y.H. and F.W., unpublished observations). 8 . A biochemical pathway required for leading edge adhesion, localized 2 integrin activation and persistent migration in neutrophils during chemotaxis: a model. G i -dependent Lyn activation and translocation to the leading edge is necessary for the relief of inhibition and spatial organization of the CrkL-C3G complex at the leading edge, which leads to localized activation of the small GTPase Rap1 and 2 integrin. GPCR, G-protein-coupled receptor.
Materials and Methods
Reagents and plasmids
Human fibrinogen, human serum albumin (HSA) and fMLP were from Sigma. Y-27632, LY 294002 and pertussis toxin were from Calbiochem. Alexa Fluor 488 phalloidin and Alexa Fluor 647 phalloidin were from Invitrogen. ON-TARGETplus SMARTpool siRNAs, which contain four siRNAs specifically targeting human Lyn, non-specific siRNAs and siGLO were from Dharmacon. All antibodies for western and/or immunofluorescence analyses are listed in supplementary material Table S1 .
The DNA sequences for Lyn 53/56 were amplified from dHL-60 cell genomic DNA using PCR and cloned into pcDNA3 with the gene encoding EGFP at the Cterminus. The dominant-negative mutant of Lyn 56 (K275D) (Corey et al., 1998) and both shRNA-resistant mutants of wild-type Lyn 56 and Lyn 56(K275D) were generated by site-directed mutagenesis. Mammalian expression vector encoding pEGFP-C3/Rap1A and pcDNA3-EGFP-RalGDS were provided by Mark Philips (New York University, New York, NY) (Bivona et al., 2004) and Philip Stork (The Vollum Institute, Portland, OR) (Wang et al., 2006) , respectively. shRNAs targeting Lyn, Rap1A and CrkL are described in supplementary material Table S2 .
Cell culture, transient transfection, lentiviral production and infection
Cultivation and differentiation of HL-60 cells were described previously (Wang et al., 2002) . Transient transfections of dHL-60 cells was as described (Shin et al., 2010) . For lentiviral production, shRNA-containing plasmids were cotransfected with three packaging plasmids pPL1, pPL2 and pPL/VSVG (Invitrogen) into actively growing HEK293T cells. After 3 days of transfection, supernatant containing lentiviral particles was concentrated using Lenti-X concentrator (Clontech) and added to growing HL-60 cells in the presence of 10 g/ml polybrene for 24 hours. Lynknockdown cells were enriched by cell sorting (Cytomation Plus, Dako) (for pSicoR constructs) or selected in the presence of 0.5 g/ml puromycin for 2 weeks (for PLKO.1 constructs).
Immunofluorescence and live-cell imaging
Immunofluorescence analysis and the detection of F-actin of in dHL-60 cells and human neutrophils were as described (Shin et al., 2010) , except that cells were plated on human fibrinogen-coated cover glasses (250 g/ml) (Schymeinsky et al., 2005) .
For live-cell imaging, cells were plated on fibrinogen-coated surface for 20 minutes, washed briefly, and subsequently stimulated either with a uniform concentration of 100 nM fMLP or a point source of 10 M fMLP from a micropipette as described (Servant et al., 2000) . To analyze the effects of inhibiting de novo cell adhesion on chemotaxis, dHL-60 cells were plated on fibrinogen-coated surface for 20 minutes and washed briefly. Adherent cells were then incubated with different concentrations of IB4 antibody (0.1 g/ml or 0.5 g/ml) or with mouse isotype IgG for 10 minutes before stimulation with the fMLP-containing micropipette. DIC images, fluorescent images and combined DIC/fluorescence images were collected with a Zeiss 40ϫ NA 1.30 Fluar DIC objective or 63ϫ NA 1.4 Plan Apochromat DIC objective on a Zeiss Axiovert 200M microscope. All images were collected with a cooled charge-coupled device camera (AxioCam MR3, Zeiss) and processed using the ImageJ program. Kymograph analysis of leading edge protrusion was conducted as described previously (Shin et al., 2010) .
Immunoprecipitation and western blotting
Cells (5ϫ10 6 ) were suspended in mHBSS buffer and stimulated with 100 nMfMLP for indicated time points. fMLP stimulation was terminated by the addition of RIPA buffer (1ϫ, 50 mM Tris-HCl, pH 7.5, 1% NP-40, 150 mM NaCl, 1 mM EDTA) containing 1 mM Na 3 VO 4 , 1 mM NaF, 1 mM PMSF and a protease inhibitor cocktail (Sigma). After clarification, cell lysates were pre-cleared with protein A beads and thereafter incubated with 2 g of anti-Lyn polyclonal antibody. After 2 hours of incubation at 4°C, protein A beads were added to the cell lysates. The resulting immunoprecipitates were washed with ice-cold RIPA buffer and analyzed further with SDS-PAGE. The procedures for western blotting were described previously (Shin et al., 2010) .
Microfluidic gradient device
The microfluidic gradient device comprises of a polydimethylsiloxane (PDMS) slab embedded with a Y-shaped fluidic channel and glass substrate as its base. The microchannels were fabricated using rapid prototyping and soft lithography as described previously (Herzmark et al., 2007; Jeon et al., 2000; Lin and Butcher, 2006) . Cells suspended in mHBSS containing 1% HSA were injected in the microfluidic device and allowed to attach to the fibrinogen substrate (20 minutes). The channels were then gently rinsed with mHBSS to wash away floating cells. To generate soluble gradients, fMLP (500 nM) and mHBSS were infused into the device from separate inlets. Solutions were driven using a syringe infusion pump (Pump 22, Harvard Apparatus) at a flow rate of 0.03 ml/hour to generate a concentration gradient in the channel by diffusion. Images were captured using the Axiovision software (Zeiss).
Rac-GTP and RhoA-GTP assay
An absorbance-based (490 nm) Rac G-LISA kit or RhoA G-LISA (Cytoskeleton) was used to determine Rac-GTP or RhoA-GTP levels in dHL-60. Cells with or without Lyn depletion were suspended in mHBSS (5ϫ10 6 cells) and stimulated or unstimulated with 100 nM fMLP. The reaction was stopped by adding 2ϫ lysis buffer (provided with the kit) at 4°C. Subsequent steps were performed as described in the protocol supplied.
Cell adhesion assay
96-well plates were coated with 100 g/ml fibrinogen at 4°C O/N and blocked with 2 mg/ml heat-denatured BSA for 1 hour at 37°C. Plates were washed with PBS once before seeding cells into wells. Cells were labeled with calcium AM (5 M) for 30 minutes, washed and suspended in mHBSS. 4ϫ10 5 cells (100 l) were loaded into each well. After incubation for 30 minutes with buffer or fMLP (100 nM), each well was washed four times with pre-warmed mHBSS. The remaining cells were then lysed with 100 l PBS containing 0.1% Triton X-100. The fluorescence intensity of each well was recorded with a microplate reader (SpectraMax M2). The percentage of adherent cells was calculated as the ratio of remaining fluorescence intensity and input fluorescence intensity.
Actin polymerization assay
The procedure for measuring polymerized actin was conducted as described previously (Weiner et al., 2006 ).
Rap1-GTP assay
A Rap1-GTP Pull-Down and Detection kit (Thermo Scientific) was used. For suspension conditions, dHL-60 cells were suspended in mHBSS (10ϫ10 6 cells for one condition) and stimulated (or unstimulated) with 100 nM fMLP. The reaction was stopped by the addition of 0.4 ml ice-old 1.25ϫ lysis buffer (25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM MgCl 2 , 1% NP-40 and 5% glycerol). For adhesion conditions, dHL-60 cells were plated on fibrinogen-coated six-well plates for 20 minutes, stimulated or not stimulated with 100 nM fMLP for 5 minutes, and lysed in 0.5 ml lysis buffer. Subsequent steps were performed according to the manufacturer's instructions.
Isolation of primary neutrophils
Primary neutrophils were isolated from venous blood from healthy human donors using PMN isolation kit (Matrix). Neutrophils were suspended in RPMI 1640 medium supplemented with 10% fetal bovine serum at 37°C until the time of experiments.
